Within the central nervous system, glial cells play significant roles in guiding neural development, synaptogenesis, homeostatic regulation of neuronal function, and neuroplasticity, as well as mediating immune surveillance and inflammatory responses. Activated astrocytes and microglia release a host of cytokines, chemokines, complement, and growth factors that modulate brain development, neuronal function, and inflammation through multiple signaling pathways throughout the life span. These products can be beneficial, guiding neuronal migration, regulating synapse formation, modulating synaptic strength, and providing neuroprotection against cellular damage. However, these factors can also be detrimental, leading to neurotoxicity and neurodegeneration. Recent studies suggest that glial functions are altered by substance abuse, yet much is unknown about the interaction of drugs of abuse and their receptors with glia and neuroinflammatory processes within the CNS.
exposure to stress, while treatments designed to alleviate stress reverse this effect. However, cytokines and chemokines also modulate CNS function in the absence of overt challenges. For example, inhibitors of cytokines and cytokine receptors affect cognitive and emotional processes, and genetic manipulation to eliminate inflammatory molecules such as TNF-alpha results in neurological impairment, suggesting that inflammatory molecules expressed in the brain are functional under nonpathologic conditions. General strategies to limit neurodegeneration by suppressing glial activation and inflammation are not likely to be completely effective, as this would also inhibit the ability of these same cells to promote CNS repair and regeneration [8] .
Neurotransmitter transporters (e.g., glutamate, dopamine) and receptors for drugs of abuse are also localized on astrocytes and microglial cells, so it is expected that substance abuse may disrupt glial function in ways that subsequently alter neuronal function and communication. Recent evidence suggests that methamphetamine-induced damage to dopamine neuron terminals is associated with microglial activation [9] , and may be mediated by the cytokine TNF-alpha, oxidative stress, and/or matrix metalloproteinases. Cocaine can affect astrocyte and microglial function and protein expression [10, 11] , but the receptor and signaling pathways involved are unclear. Cannabinoid receptors are expressed by astrocytes and microglia, and their activation can inhibit glutamate uptake by astrocytes, reduce microglial activation and inflammatory responses, and protect against memory impairment and microglial-mediated neuronal damage [12, 13] . Functional opioid receptors have been found on astrocytes and their activation may be involved in the development of opioid analgesic tolerance, but the mechanisms for this phenomenon are only now being explored [14] .
A direct role of glial involvement in drug addiction may be highlighted by the recent reports that the astrocyte itself can be excited by glutamate and can also release glutamate in the nucleus accumbens [15, 16] , the center of reward and reinforcement processing in the brain. How the abnormal fine tuning of astrocytes during substance abuse reinforces the drug effect and leads to addiction will be one of the most challenging questions in drug abuse research.
Clearly, this is a time of great advances in our understanding of the role glial cells play in brain function and the impact of drugs of abuse in particular, however, much is still to be discovered. Issues for future research include understanding the functional interactions among abused substances and their endogenous counterparts with astrocytes and microglia, neurons, and inflammatory molecules that mediate glial-neuronal communication. Research is needed to determine how drugs of abuse affect the homeostatic feedback control of neuronal function provided by glial cells, how substance abuse changes the neuroprotective and neuropathogenic functions of glia, and how substance abuse affects neuronal communication with glia. The functional roles of inflammatory factors including cytokines, chemokines, and complement in synaptic or dendritic pruning also require study. The interactions between glial-and neuron-derived neurotrophic factors, such as glial-derived neurotrophic factor (GDNF), brain-derived neurotrophic factor (BDNF), and conserved dopamine neurotrophic factor (CDNF) in neuronal plasticity, and the means by which abused substances interfere with their regulation, will be another area critical for progress in neurobiology. Finally, interdisciplinary research addressing glial-neuronal communication as it affects neural circuit development, neuroplasticity, neurotoxicity, and pain, as well as the mechanisms of substance abuse interactions with these processes, are extremely important and will have a significant impact on our understanding of substance abuse and addiction processes in the brain, as well as on fundamental mechanisms of neurobiology.
